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(57) ABSTRACT

A photonic device having a wavelength-dependent transmis-
sion or filter characteristic, comprising: a Splitter Polariza-
tion Rotator (SPR) configured to receive an input wave hav-
ing a first polarization and outputting a first wave having the
first polarization and a second wave having a second polar-
ization different from the first polarization; first and second
waveguide arms connected to the SPR configured to propa-
gate the first and second waves respectively; and a Polariza-
tion Rotator and Combiner for combining the propagated first
and second waves; wherein the dimensions of the first
waveguide arm and the second waveguide arm are selected to
cancel the influence of an external effect on the wavelength-
dependent characteristic. Another aspect of the invention
relates to a method for reducing the sensitivity of said inte-
grated photonic device, comprising splitting a polarized light
beam, propagating light waves of different through two
waveguide arms of specific dimensions, and recombining
them.
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1
INTEGRATED PHOTONIC DEVICES WITH
REDUCED SENSITIVITY TO EXTERNAL
INFLUENCES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of priority of U.S. Pro-
visional Patent Application Ser. No. 61/734,042, filed Dec. 6,
2012, which is hereby incorporated herein by reference in its
entirety.

FIELD OF THE INVENTION

The present invention relates in certain aspects to methods
for reducing the sensitivity of on-chip integrated photonic
devices having a wavelength-dependent transmission or filter
characteristic to influences or effects acting on the chip as a
whole or on the local environment of the photonic device. The
invention also relates in certain aspects to on-chip integrated
photonic devices having a wavelength-dependent transmis-
sion or filter characteristic with a reduced sensitivity to the
aforementioned effects.

BACKGROUND OF THE INVENTION

The sensitivity of on-chip integrated photonic devices to
external effects acting on the chip or on the local environment
of the photonic device is a major issue, in particular for
integrated photonic devices with an intentional wavelength-
dependent transmission or filter characteristic. The depen-
dence of device characteristics on temperature, geometrical
variations (e.g. related to manufacturing tolerances) and/or
ionizing radiation, is undesirable for such integrated photonic
devices.

For example, the problem of temperature sensitivity is in
particular pronounced for photonic devices made in a mate-
rial having a high dependence of refractive index on tempera-
ture (i.e. a high thermo-optic coefficient). Therefore, tem-
perature dependence is one of the fundamental limitations of
silicon photonic devices, because of the high thermo-optic
coefficient of silicon (1.86x10™* K~!). It is a challenge to
reduce the temperature sensitivity of such photonic devices,
in particular photonic devices with a wavelength-dependent
transmission or filter characteristic, especially in combina-
tion with a low propagation loss and small footprint.

The temperature dependence of integrated silicon photonic
devices can be reduced by providing an overlay as a top
cladding layer, wherein the overlay material (e.g. a polymer)
has a thermo-optic coefficient opposite to the thermo-optic
coefficient of silicon. However, the use of such an overlay
may lead to aging problems and thermal hysteresis. More-
over, a polymer overlay cannot withstand high-temperature
treatments typically used in back-end metallization in CMOS
processes. Therefore the use of such a polymer overlay is not
CMOS compatible.

Another solution is the use of local heaters to dynamically
stabilize the photonic device. However, this requires active
temperature monitoring which is space consuming and leads
to high power consumption.

In US 2011/0102804 a Mach-Zehnder interferometer
(MZ]) is described that can be made athermal (temperature
independent) by using different waveguide arm widths and
selecting proper arm lengths such that the temperature sensi-
tivity of one arm cancels that of the other arm. This is based on
the different response of the waveguides to changes in tem-
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perature because the fraction of light that is confined in the
silicon waveguide core is different for both waveguides.

Similarly, integrated silicon photonic devices are very sen-
sitive to variations in line-width and thickness (e.g. induced
by the fabrication process) and to ionizing radiation.

SUMMARY OF THE INVENTION

In one aspect of the invention, certain embodiments of the
present invention provide improved photonic methods and
photonic devices having a reduced sensitivity to external
effects.

According to a first aspect, the present invention provides
an integrated photonic device having a wavelength-depen-
dent characteristic, the device comprising: a Splitter Polar-
ization Rotator SPR having an input port for receiving polar-
ized light, and a first output port for providing a first wave, and
a second output port for providing a second wave; a first arm
having dimensions for (mainly) propagating a first polariza-
tion mode of the first wave, an input side of the first arm being
optically connected to the first output port of the SPR; a
second arm having dimensions for (mainly) propagating a
second polarization mode of the second wave, the second
polarization mode being different from the first polarization
mode, an input side of the second arm being optically con-
nected to the second output port of the SPR; and a Polariza-
tion Rotator and Combiner PRC having a first input port
optically connected to an output side of the first arm for
receiving the propagated first wave, and a second input port
optically connected to an output side of the second arm for
receiving the propagated second wave, and an output port for
providing the combination of the propagated first wave and
the propagated second wave as an output wave; wherein the
dimensions of the first arm and the dimensions of the second
arm are selected to substantially cancel out the influence of an
external effect on the wavelength-dependent characteristic.

The first arm may be a first waveguide arm. The second arm
may be a second waveguide arm. The dimensions (design
parameters) of the first arm and of the second arm can for
example include the line-width of the arms, the height of the
arms and/or the length of the arms. The line-width can be
constant along the length of an arm or it can vary along the
length of an arm.

In one aspect of the invention, it is an advantage of certain
embodiments of the present invention that the dimensions of
the arms are chosen so as to reduce, e.g. minimize, e.g. sub-
stantially cancel out the influence of effects such as tempera-
ture variations, geometric tolerances or radiation on an opti-
cal characteristic of the photonic device, such as e.g. its
transmission characteristic or its filter characteristic. Such
devices having substantially reduced sensitivity to external
effects are further referred to as “compensated devices”.

In one aspect of the invention, it is an advantage of certain
embodiments of the present invention that fabrication of the
photonic devices is compatible with standard processing
techniques for integrated photonic devices, e.g. silicon based
integrated photonic devices. It is an advantage that there is no
need for modifying or adapting fabrication processes.

When compared to the solution proposed in US2011/
0102804, the main difference is that in certain embodiments
of the present invention light of two different polarities (e.g.
TE and TM) is used, as opposed to only a single polarity (TE)
in the prior art. The main advantage hereof'is that the photonic
devices of the present invention can have a small footprint and
low losses due to the use of TM polarization. The main
disadvantage of using only a single polarity is that either the
device size is large or the use of very narrow (and therefore
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lossy) waveguides is required to have a sufficient difference in
thermo-optic response between both waveguide arms.

In one aspect of the invention, it is an advantage of certain
embodiments of the present invention that the need for pro-
viding an overlay, e.g. a polymer overlay, with a thermo-optic
coefficient opposite to the thermo-optic coefficient of the core
material, as a top cladding can be avoided. Hence also prob-
lems related to such overlays, such as aging and thermal
hysteresis, can be avoided.

In one aspect of the invention, it is an advantage of certain
embodiments of the present invention that the need for pro-
viding local heaters to dynamically stabilize the photonic
devices can be avoided. Therefore high power consumption
can be avoided.

In certain embodiments of the present invention, the first
polarization mode is a Transverse Magnetic mode (TM) and
the second polarization mode is a Transverse Electric Mode
(TE), or vice versa.

In certain embodiments of the present invention, the
dimensions of the first arm and the dimensions of the second
arm are selected to substantially cancel the influence of at
least one effect selected from the group of dimension toler-
ances, radiation and temperature variations on an optical
characteristic of the photonic device.

In certain embodiments of the present invention, the optical
characteristic is selected from a transmitted wavelength or a
filtered wavelength.

In certain embodiments of the present invention, the
dimensions of the first arm and the dimensions of the second
arm are adapted to substantially cancel out the influence of
temperature variations on said optical characteristic.

The dimensions of the first and second arm may e.g. be
chosen to substantially cancel the influence of temperature
variations on a transmitted wavelength characteristic. Alter-
natively, the dimensions of the first and second arm may e.g.
be chosen to substantially cancel the influence of temperature
variations on a filtered wavelength characteristic.

The difference in confinement between the first polariza-
tion mode in the first arm and the second polarization mode in
the second arm induces a different thermo-optic coefficient,
thus allowing the influence of temperature on the device
characteristics to be cancelled out and thus substantially
reducing temperature sensitivity.

In contrast to US2011/0102804, where a single polarity
was used, the use of different polarizations amplifies the
difference in temperature response in both arms without
introducing high propagation losses.

In certain embodiments of the present invention, the
dimensions of the first arm and the dimensions of the second
arm are selected to substantially cancel out the influence of
geometrical variations, such as for example variations in line-
width, on said optical characteristic.

The dimensions of the first and second arm may e.g. be
chosen to substantially cancel the influence of line-widthon a
transmitted wavelength characteristic. Alternatively, the
dimensions of the first and second arm may e.g. be chosen to
substantially cancel the influence of line-width on a filtered
wavelength characteristic.

In certain embodiments of the present invention, the
dimensions of the first arm and the dimensions of the second
arm are selected to substantially cancel out the influence of
radiation effects, e.g. ionization radiation effects.

The dimensions of the first and second arm may e.g. be
chosen to substantially cancel the influence of radiation-ef-
fects on a transmitted wavelength characteristic. Alterna-
tively, the dimensions of the first and second arm may e.g. be
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chosen to substantially cancel the influence of radiation-ef-
fects on a filtered wavelength characteristic.

In certain embodiments of the present invention, the device
is a wavelength filter, preferably selected from the group of a
Mach-Zehnder interferometer (MZI), a ring resonator and an
arrayed-waveguide grating.

In certain embodiments of the present invention, the inte-
grated photonic device further comprises:—a wavelength
selective modulator, optically coupled to the first arm by a
coupler (such as a second SP) for coupling light of the first
polarization mode from the first arm to light of the second
polarization mode in the wavelength selective modulator; and
wherein the dimensions of the first arm and dimensions of the
second arm are selected to substantially cancel wavelength
drift of the wavelength selective modulator due to external
effects.

The wavelength selective modulator may be a ring modu-
lator.

According to a second aspect, the invention relates to a
method for reducing the sensitivity of an integrated photonic
device having a wavelength-dependent characteristic, com-
prising the steps of:—splitting a light beam in a first wave
having a first polarization mode and a second wave having a
second polarization mode different from the first polarization
mode; —propagating the first wave through a first arm;
—propagating the second wave through a second arm;
—combining the propagated first wave and the propagated
second wave at an output side of the first arm and of the
second arm; wherein the dimensions of the first arm and the
dimensions of the second arm are selected to substantially
cancel out the influence of an external effect on the wave-
length-dependent characteristic.

The first arm may be a first waveguide arm, the second arm
may be a second waveguide arm. The external effect may be
any effect selected from the group consisting of temperature
variations, geometric variations and radiation effects.

In certain embodiments of the method of the present inven-
tion, the integrated photonic device is a wavelength filter,
preferably selected from the group of a Mach-Zehnder inter-
ferometer (MZI), a ring resonator and an arrayed-waveguide
grating, and the optical characteristic is a transmission or
filter characteristic of said wavelength filter.

In certain embodiments of the method of the present inven-
tion, the integrated photonic device further comprises a wave-
length selective modulator optically coupled to the first arm;
wherein the method further comprises the step of:—coupling
light of the first polarization mode from the first arm to light
of the second polarization mode in the wavelength selective
modulator; and wherein the optical characteristic is a reso-
nance wavelength of the wavelength selective modulator.

Certain advantages of various embodiments of the present
invention have been described herein above. Of course, it is to
be understood that not necessarily all advantages may be
achieved in accordance with any particular embodiment of
the present invention. Thus, for example, those skilled in the
art will recognize that the invention may be embodied or
carried out in a manner that achieves or optimizes one advan-
tage or group of advantages as taught herein without neces-
sarily achieving other advantages as may be taught or sug-
gested herein. Further, it is understood that this summary is
merely an example and is not intended to limit the scope of the
invention. The invention, both as to organization and method
of operation, together with features and advantages thereof,
may best be understood by reference to the following detailed
description when read in conjunction with the accompanying
drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically shows a Mach Zehnder Interferom-
eter in accordance with an embodiment of the present inven-
tion.

FIG. 2 schematically shows a Splitter and Polarization
Rotator (SPR) with air as an upper cladding layer, as can be
used in certain embodiments of the present invention: FIG.
2(a) shows a cross section; FIG. 2(b) shows a top view.

FIG. 3 is a schematic cross section of a silicon waveguide
as used in simulations.

FIG. 4 illustrates the effect of width variation of the silicon
waveguide of FIG. 3 on the effective refractive index of the
waveguide, for TE and TM polarized light.

FIG. 5 illustrates power transfer from the TE mode to the
TM mode as a function of coupling length for a SPR as shown
in FIG. 2.

FIG. 6 shows calculated dA/dT for a MZI according to an
embodiment of the present invention as a function of the
length of the first waveguide arm, for a fixed length (20
micrometer) of the second waveguide arm.

FIG. 7 shows the calculated modified interference M as a
function of the length of the first waveguide arm for a fixed
length of the second waveguide arm of 20 micrometer, for a
MZ1 in accordance with an embodiment of the present inven-
tion.

FIG. 8 shows calculated transmission spectra for an
uncompensated MZI at 0° C., 50° C. and 100° C.

FIG. 9 shows calculated transmission spectra for a com-
pensated (temperature insensitive) MZI according to an
embodiment of the present invention, at 0° C., 50° C. and
100° C.

FIG. 10 illustrates thermo-optic coefficient variations as a
function of waveguide width for the fundamental TE mode.

FIG. 11 illustrates thermo-optic coefficient variations as a
function of waveguide width for the fundamental TM mode.

FIG. 12 schematically shows a cross section of an SPR as
can be used in certain embodiments of the present invention,
with an oxide upper cladding and an oxide lower cladding
wherein the second SPR waveguide is thinner and broader
than the first SPR waveguide.

FIG. 13 is a top view of an SPR coupler as shown in FIG.
12, wherein the second SPR waveguide is tapered at one
lateral side along the coupling length.

FIG. 14 illustrates power coupling from the TE mode to the
TM mode as a function of coupling length for an SPR design
as shown in FIG. 12 and FIG. 13.

FIG. 15 illustrates power coupling from the TE mode to the
TM mode as a function of wavelength for an SPR design as
shown in FIG. 12 and FIG. 13.

FIG. 16 schematically illustrates a compensated ring
modulator in accordance with certain embodiments of the
present invention.

The drawings are only schematic and are non-limiting. In
the drawings, the size of some of the elements may be exag-
gerated and not drawn on scale for illustrative purposes. Any
reference signs in the claims shall not be construed as limiting
the scope. In the different drawings, the same reference signs
refer to the same or analogous elements.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

In the following detailed description, numerous specific
details are set forth in order to provide a thorough understand-
ing of the invention and how it may be practiced in particular
embodiments. However, it will be understood that the present
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6

invention may be practiced without these specific details. In
other instances, well-known methods, procedures and tech-
niques have not been described in detail, so as not to obscure
the present invention. While the present invention will be
described with respect to particular embodiments and with
reference to certain drawings, the invention is not limited
hereto. The drawings included and described herein are sche-
matic and are not limiting the scope of the invention. Itis also
noted that in the drawings, the size of some elements may be
exaggerated and, therefore, not drawn to scale for illustrative
purposes.

Furthermore, the terms first, second, third and the like in
the description, are used for distinguishing between similar
elements and not necessarily for describing a sequence, either
temporally, spatially, in ranking or in any other manner. Itis to
be understood that the terms so used are interchangeable
under appropriate circumstances and that the embodiments of
the invention described herein are capable of operation in
other sequences than described or illustrated herein.

Moreover, the terms top, bottom, over, under and the like in
the description are used for descriptive purposes and not
necessarily for describing relative positions. It is to be under-
stood that the terms so used are interchangeable under appro-
priate circumstances and that the embodiments of the inven-
tion described herein are capable of operation in other
orientations than described or illustrated herein.

It is to be noticed that the term “comprising” should not be
interpreted as being restricted to the means listed thereafter; it
does not exclude other elements or steps. It is thus to be
interpreted as specifying the presence of the stated features,
integers, steps or components as referred to, but does not
preclude the presence or addition of one or more other fea-
tures, integers, steps or components, or groups thereof. Thus,
the scope of the expression “a device comprising means A and
B” should not be limited to devices consisting only of com-
ponents A and B.

In the context of the present invention, a ‘wavelength-
selective device’ is a photonic device having an intentional,
e.g. a predefined, wavelength dependent characteristic, such
as a wavelength dependent transmission characteristic or a
wavelength-dependent filter characteristic. Examples of
wavelength-selective devices are filters, resonators and ring
modulators, the present invention not being limited thereto.

In the context of the present invention, an ‘external effect’
can be any effect that acts on the chip as a whole or on the local
environment of the photonic device on the chip, such as for
example temperature influences, radiation effects or geo-
metrical effects. In the further description, examples are given
for certain embodiments wherein the ‘external effect’ refers
to the temperature. However, the present invention is not
limited thereto.

This invention relates in certain aspects to wavelength-
selective on-chip integrated photonic devices having a sub-
stantially reduced sensitivity to external effects (further also
referred to as ‘compensated’ devices). For example, the
present invention relates in one aspect to wavelength-selec-
tive integrated photonic devices having a substantially
reduced temperature sensitivity, wherein the need for provid-
ing local heaters is avoided, wherein the photonic devices
have low propagation losses and a reduced footprint as com-
pared to existing photonic devices, (e.g. as described in US
2011/0102804) and wherein the photonic device processing
is compatible with standard processing techniques, e.g. com-
patible with CMOS processing, such that there is no need to
modify the manufacturing process.

The problem of temperature dependence of photonic
device characteristics is particularly pronounced in a silicon
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based material system. Similarly, silicon photonic waveguide
devices are very sensitive to variations in width and height of
its structure or elements thereof. It has also been shown that
silicon photonic waveguides are sensitive to exposure to ion-
izing radiation.

One aspect of the invention is further described with
respect to integrated photonic devices that are fabricated in a
silicon based material system (such as e.g. SOI), i.e. wherein
silicon is used as a material for the waveguide core. However,
wavelength selective devices in accordance with other
aspects of the present invention can be realised in any suitable
material system known by a person skilled in the art.

Compensated wavelength-selective devices according to
certain embodiments of the present invention contain two or
more delay lines (integrated waveguides, waveguide arms)
wherein, in operation, two delay lines propagate a different
polarization of light. In operation, a first delay line or first
integrated waveguide propagates (mainly) TM polarized light
while a second delay line or second integrated waveguide
propagates (mainly) TE polarized light. The difference in
optical confinement in the waveguide core between both
polarizations induces a different response of the waveguide
mode to temperature variations. Based on this difference, the
effect of temperature on the device characteristics can be
reduced, or made to substantially cancel out (compensate), if
appropriate design parameters are selected. The design
parameters can for example include the line-width of the
delay lines (wherein the line-width can be constant along the
length of a delay line or wherein the line-width can vary along
the length of a delay line), the height of the delay lines and/or
the length of the delay lines. However, these design param-
eters cannot be selected independently in order to achieve the
reduction or substantial cancellation.

In certain embodiments of the present invention a
waveguide for propagation of TE polarization and a
waveguide for propagation of TM polarization are used.
When the width and height of the waveguides are properly
selected, the TM light is much less confined in a waveguide
than the fundamental TE mode, and it experiences a weaker
temperature response. In addition, the propagation loss for
the TM mode is lower than for the TE mode, as the TM mode
does not have high field intensities on the rough sidewalls of
the waveguide core material.

An example of a compensated Mach Zehnder Interferom-
eter (MZI) in accordance with an embodiment of the present
invention is schematically illustrated in FIG. 1. The device
100 comprises an input waveguide 10 optically connected to
aninput port of a Splitter Polarization Rotator (SPR) 11. Atan
output side, the SPR 11 is optically connected to an input side
of a first waveguide arm 12 (upper waveguide, upper arm in
this drawing) and to an input side of a second waveguide arm
13 (lower waveguide, lower arm in this drawing). The width
of the first waveguide arm 12 and the width the second
waveguide arm 13 can be the same or it can be different. It can
be selected to obtain a good balance between low propagation
loss and a large difference in thermo-optic response. Along
the length of the arms, the width of both waveguides can be
varied. However, in the example further described it is
assumed that the width of the waveguides is substantially the
same over the entire length of the waveguide arms. For
instance for silicon based waveguides, the width can for
example be in the range between about 250 nm and about
1000 nm, e.g. in the order of about 450 nm. The MZI device
can for example be fabricated in an SOI material system,
wherein silicon is used as a core material for the waveguides
and wherein a silicon oxide lower cladding layer is used. The
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upper cladding layer can for example be air or a dielectric
layer such as an oxide layer or a nitride layer.

The first waveguide arm 12 and the second waveguide arm
13 are at their output side optically connected to a first resp.
second input port of a Polarization Rotator and Combiner
(PRC) 14, an output side of the PRC 14 being optically
connected to an output waveguide 15. The PRC 14 can be a
device similar to the SPR 11, but reversed in operation.

In operation, polarized light 1 of a first polarisation state is
provided as an input to the SPR 11, for example from an
on-chip input waveguide 10 as illustrated in FIG. 1. The
polarized light 1 of the first polarisation state passes through
the Splitter and Polarization Rotator (SPR) 11 that splits it and
converts it into a first wave 2 of a second polarisation state,
and a second wave 3 of the first polarisation state. As an
example, transverse electric (TE) polarized light 1 may be
provided as an input to the SPR 11, for example from an
on-chip input waveguide 10 as illustrated in FIG. 1. The TE
polarized light 1 passes through the Splitter and Polarization
Rotator (SPR) 11 that splits it and converts it into a first
portion, e.g. 50%, transverse magnetic (TM) wave 2 and a
second portion, e.g. 50%, transverse electric (TE) wave 3.
However, the present invention is not limited to the polarized
light 1 being TE polarized. It can also be TM polarized light,
that is split into a TM wave and a TE wave by the SPR 11.
Also, the present invention is not limited to 50%/50% split-
ting. The SPR 11 (and the PRC 14) can be modified to have a
different ratio of optical power between the two arms 12,13,
which can for example be used to adjust the balance of the
arms to desired specifications, e.g. when one arm exhibits a
higher overall propagation loss than the other. The polarised
light 2 of the second polarisation state, e.g. TM polarized light
2, is directed to and propagates through the first waveguide
arm 12 and the polarised light 3 of the first polarisation state,
e.g. TE polarized light 3, is directed to and propagates through
the second waveguide arm 13. At an output side of the upper
waveguide arm 12 and the lower waveguide arm 13, both light
waves 2, 3 are coupled to the Polarization Rotator and Com-
biner (PRC) 14, resulting in a polarised output wave 4 of the
first polarisation state, e.g. a TE polarized output wave 4, e.g.
propagating in an output waveguide 15 connected to an output
port of the Polarization Rotator and Combiner (PRC) 14. The
output wave 4 results from interference of waves 2 and 3 in
both arms, which exhibit a wavelength-dependent response.

FIG. 2 schematically shows an example of a Splitter and
Polarization Rotator (SPR) 11 that can be used in certain
embodiments of photonic devices according to the present
invention. In the example shown, the lower cladding layer 21
is for example a silicon oxide layer and the upper cladding
layer 22 is air. FIG. 2(a) shows a cross section of the SPR and
FIG. 2(b) shows a top view of the SPR. The SPR comprises a
first SPR waveguide 111 and a second SPR waveguide 112,
the first SPR waveguide 111 and the second SPR waveguide
112 being provided on the lower cladding layer 21 with a
small, constant gap g in between the first SPR waveguide 111
and the second SPR waveguide 112 over a predetermined
distance or coupling length L.c. The gap g is sufficiently small
to allow transfer of optical power between the second SPR
waveguide 112 and the first SPR waveguide 111. For
example, the gap size can be in the range between about 50
nm and about 500 nm. The width W . of the second SPR
waveguide 112 is different from (in this example: smaller
than) the width W ., , of the first SPR waveguide 111, to allow
mode matching. An incoming light wave, such as for example
aTE wave (e.g. light wave 1 in FIG. 1), propagating through
second SPR waveguide 112 can couple into first SPR
waveguide 111. In certain embodiments of the present inven-
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tion the coupling length Lc is selected to allow about 50%
power transfer from the second SPR waveguide 112 (TE
mode) to the first SPR waveguide 111 (TM mode). At the
entrance and exit of the SPR, a geometric variation (e.g. a
tapering section) can be provided to avoid undesired reflec-
tions.

In a MZI 100 according to certain embodiments of the
present invention, as illustrated in FIG. 1, the output end of
the second SPR waveguide 112 (second output port of the
SPR 11) is optically connected to second waveguide arm 13
and the output end of'the first SPR waveguide 111 (first output
port of the SPR 11) is optically connected to first waveguide
arm 12. Adiabatic tapers or non-adiabatic mode-matching
structures can be provided to connect narrower and wider
sections of waveguides.

A Polarization Rotator and Combiner (PRC) 14 as can be
used in certain embodiments of the present invention can have
a device structure similar to a Splitter and Polarization Rota-
tor device structure, an example being shown in FIG. 2, but
operated in the reverse direction. The PRC 14 comprises a
first PRC waveguide and a second PRC waveguide, the first
PRC waveguide and the second PRC waveguide being pro-
vided on the lower cladding layer 21 with a small, constant
gap g in between the first PRC waveguide and the second
PRC waveguide over a predetermined distance or coupling
length L¢'. The gap g' is sufficiently small to allow transfer of
optical power between the first PRC waveguide and the sec-
ond PRC waveguide. For example, the gap size g' canbe inthe
range between about 50 nm and about 500 nm. The width of
the second PRC waveguide is different from the width of the
first PRC waveguide, to allow mode matching. In operation, a
first incoming light wave (e.g. light wave 2 in FIG. 1) is TM
polarized and propagates through the first PRC waveguide; a
second incoming light wave (e.g. light wave 3 in F1IG. 1) is TE
polarized and propagates through the second PRC
waveguide. In certain embodiments of the present invention
the coupling length L¢' between both PRC waveguides is
selected to allow full power transfer from the first PRC
waveguide (TM mode) to the second PRC waveguide (TE
mode). In a MZI according to certain embodiments of the
present invention, as illustrated in FIG. 1, the output end of
the PRC 14 is optically connected to output waveguide 15.
Adiabatic tapers or non-adiabatic mode-matching structures
can be provided to connect narrower and wider sections of
waveguides.

A temperature insensitive MZI according to certain
embodiments of the present invention as shown in FIG. 1 was
simulated. FIG. 3 shows a schematic cross section of a silicon
waveguide with air upper cladding that was used in the simu-
lations. The silicon core 20 of the waveguide has a height h
and a width w. In the example shown, the lower cladding layer
21 is silica and the upper cladding layer 22 is air. In the
simulations the height h of the Si waveguide was maintained
at 220 nm and the width w was varied. The lower cladding
layer 21 and the upper cladding layer 22 are assumed to have
a thickness of 2 micrometer. The dispersion behaviour of the
waveguide (effect of width variation of the silicon waveguide
on the effective refractive index) is shown in FIG. 4 for TE
polarized and for TM polarized light (wherein TEOO repre-
sents the fundamental TE mode, TMOO represents the funda-
mental TM mode, TE10 and TE20 represent other modes of
the polarized light).

For a MZI wherein the waveguides in both arms 12, 13 are
the same and operate with the same polarization, the condi-
tion for constructive interference is:

mA=n AL (6]
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with m an integer, A the wavelength of the light, n , the
effective refractive index of the waveguide mode and AL the
path length difference between the first waveguide arm 12 and
the second waveguide arm 13. For destructive interference, m
should be an integer and a half (0.5; 1.5; 2.5; 3.5; ... .).

In a method and device according to certain embodiments
of the present invention, different waveguides and different
modes are used in each of the arms of a MZI. In operation, the
first waveguide arm 12 of the MZI propagates TM polarized
light while the second waveguide arm 13 of the MZI propa-
gates TE polarized light. Therefore equation (1) is modified
to:

@
wherein n,,, is the effective refractive index of the first
waveguide arm carrying the TM mode, n ;. is the effective
refractive index of the second waveguide arm carrying the TE
mode, L1 is the length of the first waveguide arm 12 and L.2 is
the length of the second waveguide arm 13.

m}":neﬁTM'Ll_nmﬁTE'Lz

®

dngs dngs 1E
M—’"‘(T' 1T Td 'LZ]

M is the modified interference order due to the induced dis-
persion (influence of wavelength on effective refractive
index) related to the difference in effective refractive indices
in the different arms. The constructive/destructive interfer-
ence wavelength then shifts with temperature T as:

)

A temperature insensitive (athermal) device is obtained by
solving equation (4) for d\/dT=0. This allows calculating the
corresponding lengths I.1 and L.2. The larger the difference
between d,,,z74,/dT of the first arm 12 and d,, 7 ,-/dT of the
second arm 13, the smaller will be the footprint (size) of the
device. In all the simulations described here, the refractive
index n of silicon is assumed to be 3.48 and a silicon thermo-
optic coefficient of 1.86x10~*K ! is used. For the underlying
Si0, layer a refractive index of 1.45 is used and a thermo-
optic coefficient of 1x107> K=,

The waveguide width used for both the first waveguide arm
12 and the second waveguide arm 13 of the exemplary inter-
ferometer was 450 nm. Adiabatic tapers provided between the
SPR 11 and the waveguide arms 12, 13 and between the
waveguide arms 12, 13 and the PRC 14 are included in the
device simulations. As can be seen in FIG. 4, for a waveguide
width of 450 nm the n,,is about 2.28 for TE polarized light
and about 1.55 for TM polarized light. It can be seen that the
data in FIG. 4 slightly deviate from these values, but these
values were used in the simulations. Their calculated thermo-
optic coeflicients are 2.19x10~* K~! and 9.61x107°> K,
respectively.

FIG. 2 schematically illustrates the structure of the SPR 11
in which an input TE signal is split into a TE signal and a TM
signal in the wider section due to the phase matching condi-
tion and asymmetric structure. The phase matching condition
for this structure is fulfilled with a 320 nm wide second SPR
waveguide 112 and a 600 nm wide first SPR waveguide 111 at
whichn,; ;z=n0,4 72,/1.65 as shown in FIG. 4. In the simu-
lations, the gap g between the two SPR waveguides 12, 13
was kept constant as 200 nm over a distance or coupling
length Le.

_dnegre (C)]

dT

dx _(dngff,m .
ar \"ar ™
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FIG. 5 shows the power transfer as a function of coupling
length (L_) for such SPR 11. It can be seen that for this
example, a 50% power transfer from TE to TM takes place at
L =about 10.1 micrometer.

FIG. 6 shows the calculated dA/dT (using equation (4)) for
m=50 as a function of the length [.1 of the TM section (first
waveguide arm 12) of the interferometer for a given length 1.2
of 20 micrometer of the TE section (second waveguide arm
13). The corresponding modified interference plot M is
shown in FIG. 7. The asymptotic behaviour of dA/dT with
length L1 (FIG. 6) can be attributed to the zero crossing of M
as shown in FIG. 7. The path length difference [.L1-1.2 for
temperature insensitive operation is around 25.6 micrometer
for this example (the calculated L1 is 45.6 micrometer for the
given length L.2 of 20 micrometer).

FIG. 8 shows calculated transmission spectra for a conven-
tional uncompensated MZI with a TM signal in both
waveguide arms, for three different temperatures (0° C., 50°
C. and 100° C.).

FIG. 9 shows calculated transmission spectra for a com-
pensated (temperature insensitive) design with a TM signal in
one waveguide arm, and a TE signal in the other waveguide
arm, according to certain embodiments of the present inven-
tion, for three different temperatures (0° C., 50° C. and 100°
C.). The width of the first (upper) waveguide arm 12 and of the
second (lower) waveguide arm 13 of the MZI1 100 was 450 nm
for all cases and an upper air cladding was assumed. The
simulated results show an improvement from 80 pnv/K drift
for an uncompensated MZI (FIG. 8) to less than 0.2 pm/K for
a compensated MZI in accordance with the present invention
(FIG. 9).

FIG. 10 shows the thermo-optic coefficient variation (dn,, 4/
dT) as a function of waveguide width for the fundamental TE
mode, and FIG. 11 shows the thermo-optic coefficient varia-
tion (dn,,/dT) as a function of waveguide width for the fun-
damental TM mode. An about one order difference between
both can be seen from FIG. 10 and FIG. 11.

In certain embodiments of the present invention, the SPR
11 (as well as the PRC 14) requires a vertical symmetry
breaking to enable mode splitting and polarization conver-
sion. With an air upper cladding 22 and a silica lower cladding
21 (as illustrated in FIG. 2) this vertical symmetry breaking is
automatically accomplished. In other embodiments, e.g. with
a silicon oxide lower cladding and a silicon oxide upper
cladding (i.e. wherein the waveguides are fully embedded in
silicon oxide) vertical symmetry breaking can be obtained by
partially etching one of the two waveguides. FIG. 12 sche-
matically illustrates an SPR design (cross section) for
embodiments wherein both the lower cladding layer 31 and
the upper cladding layer 32 are made of the same material,
e.g. silicon oxide. To overcome the symmetrical structure
problem the SPR waveguides 33, 34 have a different height
and width.

For example, for an SPR as illustrated in FIG. 12 having a
second (TE) SPR waveguide 33 that is 70 nm high and 700 nm
wide and a first (TM) SPR waveguide 34 that is 220 nm high
and 400 nm wide (assuming a constant width of the SPR
waveguides along the coupling length) and with a gap of 180
nm between both waveguides, at a wavelength of 1550 nm
50% power coupling from the TE mode to the TM mode is
obtained for a coupling length Lc of about 160 micrometer.
This coupler design operates however in a narrow wavelength
band, e.g. having a bandwidth of less than 3 nm.

Wide band operation of an SPR as shown in FIG. 12 can be
obtained by varying the width of an SPR waveguide along its
length, thus inducing a variation in effective refractive index
along the length. This can for example be done by tapering the
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waveguide from one side and keeping the gap g between the
first SPR waveguide 34 and the second SPR waveguide 33
constant.

FIG. 13 shows an example (top view) of the waveguides of
an SPR having a cross section as in FIG. 12 wherein the wider
waveguide 33 (propagating the TE mode in this example) is
tapered at one lateral side. The gap g between the first SPR
waveguide 34 and the second SPR waveguide 33 is substan-
tially constant along the coupling length L. For example, the
second SPR waveguide 33 can taper from 680 nm width at
one end to 720 nm width at an opposite end. This is advanta-
geous since the thin waveguide section 33 is much more
sensitive to width variations, which is undesirable.

FIG. 14 illustrates power coupling at a wavelength of 1550
nm from the TE mode to the TM mode as a function of
coupling length for the coupler design shown FIG. 13.

FIG. 15 illustrates power coupling from the TE mode to the
TM mode as a function of wavelength for the coupler design
of FIG. 13, showing substantially maximum power transfer
from 1540 nm to 1560 nm, which is a substantially broader
range than for a design with a constant width for both SPR
waveguides.

Certain aspects of the present invention also relate to a
so-called “system”, which is in fact also an integrated photo-
nic device 400, but which acts like a “compensated ring
modulator”. This “compensated ring modulator” in accor-
dance with certain embodiments of the present invention
contains an MZ1, and a ring structure 50 optically connected
to the first waveguide arm 42 of the MZI, the first waveguide
arm being adapted for carrying the TM polarization mode. In
operation, the system 400 functions as a ring modulator oper-
ating in the TE polarization mode. The system 400 further
comprises a coupler, e.g. asecond SPR, (not shown) to couple
light from the TM mode propagating in the first waveguide
arm 42 to the TE mode in the ring 50. In this implementation
the ring structure 50 preferably has a racetrack shape. In this
approach an MZI (comprising the elements 40, 41, 42, 43, 44)
is used to passively compensate for temperature-induced
wavelength drift of the ring 50. An exemplary embodiment is
illustrated in F1G. 16. Input light 1 e.g. coming from a grating
coupler is split into 50% TE mode and 50% TM mode by the
SPR 41. As mentioned above, the ratio does not need to be
exactly 50/50. The TE beam 3 (mainly) propagates through
the second waveguide arm 43 of the MZI and the TM beam 2
(mainly) propagates through the first waveguide arm 42 of the
MZI1. In this example, the first waveguide arm 42 is optically
coupled with a racetrack p-n junction depletion based ring 50.
In this implementation, the coupler section of the ring 50 is
defined by a shallow etch, with silicon remaining around the
core of the waveguide. The section is preferably made suffi-
ciently long to over-couple with the ring (i.e. more light is
coupled to the ring 50 than needed for critical coupling). Here
the cross coupling coefficient kappa=0.4. This structure
ensures again a TM to TE conversion, hence light 4 coupled
into the ring 50 is TE mode light. At the operating wavelength,
the ring 50 can be modulated in and out of resonance by
electrically driving the embedded p-n junction. This modula-
tion is a local effect in the ring 50, and it is not compensated
by the temperature insensitive MZI (as described further).
Thus, the signal modulated on the ring 50 is translated into an
amplitude and phase response of the light 2 in arm 42.

The system 400 works in such a way that there is no optical
path addition from the MZI in the structure but the thermal
effect ofthe MZI is equal and opposite to that of the ring 50 as
given in the following equations:
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ny-Ly —ny-Ly =0 for the MZI

dn,
—Z*pi*R—Eff

d
ﬁ(”l'Ll_”Z'LZ): T

Here L, is the length of the first (e.g. upper) arm 42 of the
MZ1andn, isits effective index, L, is the length of the second
(e.g. lower) arm 43 of the MZI with effective index n,, R is the
radius of the ring 50 and n,is the effective refractive index of
the ring 50. The calculated length of the first and second MZI
arms 42, 43 in the example described here are [.,=1293
micrometer and [.,=902.5 micrometer respectively, and the
calculated effective optical length of the race track ring 50
(which includes the straight sections and tapers of the ring 50
as well) is 374.2 micrometer.

This approach allows realizing resonator rings 50 and ring
modulators 400 with a resonance dip at a predetermined
wavelength that is substantially independent of temperature
variations. Thermal compensation of the ring 50 is obtained
by the balanced MZI.

Also other integrated photonic devices, such as for
example arrayed waveguide gratings can be made tempera-
ture insensitive by providing additional delay lines locally.
For each TE arm (TE delay line) a TM arm (TM delay line) is
provided, both being connected via an SPR and a PRC, the
arms having dimensions (such as e.g. length, width, height)
chosen to compensate thermal effects of the TE arm by mak-
ing the local MZI balanced.

Apart from compensating for temperature variations, the
method of the present invention can be used to minimize
sensitivity to fabrication errors, e.g. fabrication tolerances
like width and height variations. The method can also be used
to minimize sensitivity to other effects such as ionizing radia-
tion. For this, the dependence of the effective index of the TE
and TM modes on the envisaged effect (e.g. line width or
radiation) needs to be inserted in the equations (e.g. equation
(4)) and method disclosed.

The foregoing description details certain embodiments of
the invention. It will be appreciated, however, that no matter
how detailed the foregoing appears in text, the invention may
be practiced in many ways. It should be noted that the use of
particular terminology when describing certain features or
aspects of the invention should not be taken to imply that the
terminology is being re-defined herein to be restricted to
including any specific characteristics of the features or
aspects of the invention with which that terminology is asso-
ciated.

While the above detailed description has shown, described,
and pointed out novel features of the invention as applied to
various embodiments, it will be understood that various omis-
sions, substitutions, and changes in the form and details of the
device or process illustrated may be made by those skilled in
the technology without departing from the spirit of the inven-
tion.

The invention claimed is:

1. An integrated photonic device having a wavelength-
dependent characteristic for use with an input wave having a
first polarization, the device comprising:

a Splitter Polarization Rotator (SPR) having an input port
configured to receive the input wave, a first output port
configured to provide a first wave having the first polar-
ization and a second output port configured to provide a
second wave having a second polarization different from
the first polarization;

a first waveguide arm having dimensions configured to
propagate a first polarization mode of the first wave, an

20

30

35

40

45

55

o

5

14

input side of the first waveguide arm being optically
connected to the first output port of the SPR;

a second waveguide arm having dimensions configured to
propagate a second polarization mode of the second
wave, the second polarization mode being different from
the first polarization mode, an input side of the second
arm being optically connected to the second output port
of the SPR; and

a Polarization Rotator and Combiner (PRC) having a first
input port optically connected to an output side of the
first waveguide arm and configured to receive the propa-
gated first wave, and a second input port optically con-
nected to an output side of the second waveguide arm
and configured to receive the propagated second wave,
and an output port for providing the combination of the
propagated first wave and the propagated second wave
as an output wave having an output polarization;

wherein the dimensions of the first waveguide arm and the
dimensions of the second waveguide arm are selected to
substantially cancel out the influence of an external
effect on the wavelength-dependent characteristic.

2. The integrated photonic device according to claim 1,
wherein the first polarization is a Transverse Magnetic (TM)
polarization and the second polarization is a Transverse Elec-
tric (TE) polarization.

3. The integrated photonic device according to claim 1,
wherein the first polarization is a Transverse Electric (TE)
polarization and the second polarization is a Transverse Mag-
netic (TM) polarization.

4. The integrated photonic device according to claim 1,
wherein the dimensions of the first waveguide arm and the
dimensions of the second waveguide arm are selected to
substantially cancel the influence of at least one effect
selected from the group of dimension tolerances, radiation
and temperature variations on an optical characteristic of the
photonic device.

5. The device according to claim 4, where the optical char-
acteristic is selected from a transmitted wavelength and a
filtered wavelength.

6. The integrated photonic device according to claim 1,
wherein the device is a wavelength filter.

7. The integrated photonic device according to claim 1,
wherein the device is selected from the group of a Mach-
Zehnder interferometer (MZI), a ring resonator and an
arrayed-waveguide grating.

8. The integrated photonic device according to claim 1,
further comprising:

a wavelength selective modulator, optically coupled to the
first arm by a coupler adapted for coupling light of the
first polarization from the first waveguide arm to light of
the second polarization in the wavelength selective
modulator;

and wherein the dimensions of the first arm and the dimen-
sions of the second arm are selected to substantially
cancel wavelength drift of the wavelength selective
modulator due to external effects.

9. The integrated photonic device according to claim 8,
wherein the wavelength selective modulator is a ring modu-
lator.

10. A method for reducing the sensitivity of action of an
integrated photonic device having a wavelength-dependent
characteristic on an input wave having a first polarization, the
method comprising:

splitting the input wave to provide a first wave having the
first polarization and a second wave having a second
polarization different from the first polarization;
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propagating the first wave through a first waveguide arm in
a first polarization mode;

propagating the second wave through a second waveguide

arm in a second polarization mode;

combining the propagated first wave and the propagated ;

second wave at an output side of the first arm and of the
second arm to provide an output wave having an output
polarization;

wherein the dimensions of the first waveguide arm and the

second waveguide arm are selected to substantially can-
cel out the influence of an external effect on the wave-
length-dependent characteristic.

11. The method according to claim 10, wherein the inte-
grated photonic device is a wavelength filter, selected from
the group consisting of a Mach-Zehnder interferometer
(MZI), a ring resonator and an arrayed-waveguide grating,
and wherein the wavelength-dependent characteristic is a
transmission or filter characteristic of said wavelength filter.

12. The method according to claim 10, wherein the inte-
grated photonic device further comprises a wavelength selec-
tive modulator optically coupled to the first arm; the method
further comprising coupling light of the first polarization
from the first waveguide arm to provide light of the second
polarization in the wavelength selective modulator, the wave-
length-dependent characteristic being a resonance wave-
length of the wavelength selective modulator.

13. The method according to claim 10, wherein the first
polarization is a Transverse Magnetic (TM) polarization and
the second polarization is a Transverse Electric (TE) polar-
ization.
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14. The method according to claim 10, wherein the first
polarization is a Transverse Electric (TE) polarization and the
second polarization is a Transverse Magnetic (TM) polariza-
tion.

15. The method according to claim 10, wherein the dimen-
sions of the first waveguide arm and the dimensions of the
second waveguide arm are selected to substantially cancel the
influence of at least one effect selected from the group of
dimension tolerances, radiation and temperature variations
on an optical characteristic of the photonic device.

16. The method according to claim 15, where the optical
characteristic is selected from a transmitted wavelength and a
filtered wavelength.

17. The method according to claim 10, wherein the first
waveguide arm and the second waveguide arm are part of a
device selected from the group consisting of a Mach-Zehnder
interferometer (MZI), a ring resonator and an arrayed-
waveguide grating.

18. The device according to claim 1, wherein the output
wave has the first polarization.

19. The device according to claim 1, wherein the SPR
comprises a first waveguide and a second waveguide having a
gap therebetween over a coupling length, the gap being suf-
ficiently small to allow transfer of optical power between the
first waveguide and the second waveguide, the width of the
second waveguide being different from the width of the first
waveguide.



